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Abstract—This paper presents the fabrication and characteris-
tics of high-performance 850-nm InGaAsP-InGaP strain-compen-
sated multiple-quantum-well (MQW) vertical-cavity surface-emit-
ting lasers (VCSELs). The InGaAsP-InGaP MQW'’s composition
was optimized through theoretical calculations, and the growth
condition was optimized using photoluminescence. These VCSELSs
exhibit superior performance with characteristics threshold cur-
rents ~0.4 mA and slope efficiencies ~0.6 mW/mA. The threshold
current change with temperature is less than 0.2 mA, and the slope
efficiency drops less than ~30% when the substrate temperature
is raised from room temperature to 85 °C. A high modulation
bandwidth of 14.5 GHz and a modulation current efficiency
factor of 11.6 GHz/(mA)*/? are demonstrated. The authors have
accumulated life test data up to 1000 h at 70 °C/8 mA.

Index Terms—High-speed electronics, InGaAsP-InGaP, strain-
compensated, vertical-cavity surface-emitting lasers (VCSELs).

1. INTRODUCTION

urrently 850-nm oxide-confined vertical-cavity sur-

face-emitting lasers (VCSELs) have become a standard
technology for application in local area networks (LANSs)
from 1.25 to 10 Gb/s [1]-[4]. The low-threshold current,
high modulation bandwidth, and high modulation current
efficiency make VCSELs an ideal source for high-speed op-
tical communication [5]-[7]. The low divergent angle and
circular beam lead to efficiency fiber coupling and simpler
packaging. The surface emission from the VCSELs also fa-
cilitates the two-dimensional array integration and allows
wafer level testing, which in turn leads to low fabrication
cost. The use of an Al-free InGaAsP-based active region is
an attractive alternative to the conventional (Al)GaAs active
region for infrared (IR) VCSELs. While edge-emitting diode
lasers with Al-free active regions have demonstrated perfor-
mance and reliability surpassing AlGaAs-active devices [8],
[9]. In addition, theoretical calculations have predicted a lower
transparency current density, high differential gain, and better
temperature performance in InGaAsP-strain active VCSELs in
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respect to lattice-matched GaAs quantum-well active devices
[10]. These parameters are all very important in high-speed
and high-temperature VCSEL design because the relaxation
resonance frequency of the laser depends on the square root
of the differential gain as well as the difference of operation
current and threshold current [4]. The use of tensile-strained
barriers like Ing4GaggP can provide strain compensation
and reduce active region carrier leakage. Al-free materials
are significantly less reactive to the oxide level, compared to
AlGaAs materials, which make them ideal for the reliable
manufacture process [8]. Proton-implanted VCSELs using
strain Ing 18Gag.goAsg gPo.2 active region has demonstrated
good performance [11]. Recently, we demonstrated high-speed
modulation up to 12.5 Gb/s from 25°C to 85°C utilizing
Ing 18Gag g2 Asg.gPo.2—Ing 4Gag ¢Pstrain-compensated mul-
tiple-quantum-well (SC-MQWs) VCSELs [12].

This paper reports on the fabrication and characteristics
of high-performance 850-nm InGaAsP-InGaP SC-MQW
VCSELs. Small-signal, dc, and large-signal measurements
were performed on SC-MQWs VCSELs. Finally, the initial
reliability data from these VCSELs are presented.

II. THEORY

Comparing the InGaAsP-InGaP SC-MQWs and GaAs-Al-
GaAs quantum wells (QWs), the gain spectrum and material
gain as a function of carrier density were calculated based
on the k - p theory with a valence banding mixing effect.
An 8 x 8 Lutttinger—-Kohn Hamiltonian matrix is used in
this investigation. The method is followed by Chuang [13],
and the gain spectral is broadened by Lorentzian’s function.
The well width and MQW’s compositions were both set as
8 nm and Ing13Gag.goAsgsPoo—Ing 4GaggP to tune the
emission wavelength to 842 nm. A scheme of the conduction
band diagram was shown in Fig. 1. The obtained gain spec-
trum and material gain were compared with a conventional
GaAs—Alg 26Gag.74As MQWs using the same algorithm. The
conduction band offsets of Ing 15 Gag g2Asg 8P 2—Ing 4Gag gP
and GaAs—Alg 26Gag 74As are assumed to be 0.5 and 0.65,
respectively. The calculation of bandgap energy formula is
adapted from a Varshni equation with & = 5.5 x 10=* eV/K,
[ = 225K for both InGaAsP and AlGaAs materials, and the
bandgap is adapted to the value at 298 K. Although the Varshni
parameters might not be the same for InGaAsP and AlGaAs, the
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Fig. 1. Schematic energy bandgap diagram for Ing 15Gag.s2Asy sPo 2
-Ing 4 Gag ¢ P—active region.
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Fig.2. Material gain spectrum and material gain as a function of carrier density
of Ing 18Gag.g2Asg gPo.o-Ing 4 Gag s P MQW and GaAs—Aly »6Gag.74 As
MQW.

error incurred is likely tolerable because the small bandgap devi-
ation should not affect the material gain. As shown in Fig. 2(a),
the material gain of Ino_18Gao_SQASO_gPo_2—1H0_4Ga0_6P
is approximately triple that of the GaAs—Aly26Gag.74As
structure when the input carrier concentrationis 2 x 108 cm™3.
The material gains of Ino_lgGao_ggASO_8P0_2—1n0_4Gao_6P
and GaAs-Alg 25Gag.74As as a function of the input carrier
concentration are depicted in Fig. 2(b). The transparent carrier
concentrations of Ing 18Gag gaAsg sPg o—Ing 4Gag gP
and GaAs—Alp+cGag74As are 1.5 x 10 cm™3
and 1.78 x 10 cm™3, respectively. Furthermore,
Ing.18Gag.g2Asg.gPg.2—Ing 4Gag ¢P provides higher gain than
GaAs—Aly 26Gag.74As in the entire calculation range. The
results obtained numerically suggest that the high-material-gain
low-transparency carrier concentration make the InGaAsP
SC-MQWs a better active layer. In addition, its superior
performance has been confirmed in edge-emitting lasers [8], [9].
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Fig. 3. Schematic cross section of high-speed VCSEL structure.
0.3 T T - I : .
"
) 15s
L
i -=-=--10s
14
[ P 5s
__ 02F [
= [
© L.
= P
= b
2 I
c
i)
c
- 01p
0.0 FPREES- 4 1 e T -
750 800 850 900 950

Wavelength (nm)

Fig. 4. PL spectra of SC-MQW with different growth interruption times.

III. EXPERIMENT

The schematic structure of a fabricated top emitting VCSEL
is shown in Fig. 3, which has been grown by low-pres-
sure metal organic chemical vapor deposition (MOCVD)
on a semi-insulating (100) GaAs substrate. The group-V
precursors are the hydride sources AsHjz and PHj. The
trimethyl alkyls of gallium (Ga), aluminum (Al), and in-
dium (In) are the group-III precursors. The dopant sources
are SioHg and CBry for the n and p dopants. The bottom
n-type distributed Bragg reflector (DBR) consists of 35-period
Alp.15Gag.s5As—Aly.9Gag.1 As. The top p-type DBR consists
of 23 pairs of Aly15Gag.s5As—Aly.9Gag1As. The active
layer consists of three Ing 18Gag.gaAsggPo.o—Ing4GaggP
(80 A/100 A) SC-MQWs surrounded by a AlgsGag.4As
cladding layer to 1\ cavity. A 30-nm-thick Aly 9sGag.g2As
was introduced on the upper cavity spacer layer to form
an oxide confinement. Finally, 1\ thickness of the current
spreading layer and heavily doped GaAs (p > 2 x 1019 cm—3)
contacting layer was grown. The n-type DBR was grown
at 750°C. The QW region and p-type DBR were grown at
650 °C. Growth interruptions of 5, 10, or 15 s were intro-
duced before and after Ing 15Gag gaAsysPg.2 QW growth.
Fig. 4 shows the comparison of photoluminescence spectra
of Ing 18Gag gaAsg sPo o—Ing 4Gag ¢P with different growth
interruption times. The 5-s growth interruption is not enough
to evacuate residual As in the growth reactor, resulting in the
carryover of As into the Ing 4Gag gP barrier. The 15-s growth
interruption is so long that some impurities can be gettered at
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Fig. 5. SEM picture of the finished VCSEL.

the interface or indium segregation after strained layer growth,
resulting in the degradation of luminescence. The 10-s growth
interruption seems to give the best luminescence quality. The
composition of SC-MQWs is characterized by a high-resolu-
tion X-ray diffraction. The gain peak position = 835 nm was
determined by photoluminescence while the FP-dip wavelength
= 842 nm was determined by reflection measurement. The
VCSELs were fabricated utilizing the processing described by
Peters et al. to minimize capacitance while keeping reason-
ably low resistance [3]. The processing sequence included six
photomasks to fabricate polyimide-planarized VCSELs with
coplanar waveguide probe pads. Device fabrication began with
the formation of cylindrical mesas of 20 um in diameter by
etching the surrounding semiconductor to the bottom n-type
mirror to a depth of 5 ym using a reactive ion etching (RIE)
system. The sample was wet-oxidized in a 420 °C steam envi-
ronment for ~12 min to form the current aperture and provide
lateral index guiding to the lasing mode. The oxidation rate
was 0.6 pm/min for the Alp 9sGag g2 As layer, so the oxide-ex-
tended 7.5 pm from the mesa sidewall. The VCSELSs therefore
have a 5-pm-diameter emitting aperture defined by lateral
oxidation. A 40-pum circular mesa was formed after oxidation
using wet chemical etching (HoO : HoSO4 : HoO9 = 8:1:8)
down to the n-buffer layer. Following SisN4 was deposited for
passivation. Ti/Au was evaporated for the p-type contact ring,
and AuGeNi/Au was evaporated onto the etched n-buffer layer
to form the n-type contact, which is connected to the semi-in-
sulating substrate. Contacts were alloyed for 30 s at 420°C
using RTA. After contact formation, photosensitive polyimide
was spun on the sample for field insulation and planarization.
Ti/Au with thicknesses of 200/3000 A were deposited for metal
interconnects and coplanar waveguide probe-bond pads. Heat
treatment after the metal deposition was utilized to improve
metal-to-polyimide adhesion strength. Fig. 5 shows the scan-
ning electron microscope (SEM) photo of a finished VCSEL.

IV. RESULTS AND DISCUSSION

Fig. 6 shows the typical light output and voltage versus cur-
rent (LIV) curves of the SC-MQW InGaAsP-InGaP VCSEL
at room temperature and 85 °C under continuous-wave opera-
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Fig. 6. SC-MQW InGaAsP-InGaP VCSEL light output and LIV curves at
room temperature and 85 °C.
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Fig. 7. Optical spectrum at 6 mA of the VCSEL.

tion. These VCSELSs exhibit kink-free current-light output per-
formance with threshold currents ~0.4 mA and slope efficien-
cies ~0.6 mW/mA. The threshold current change with temper-
ature is less than 0.2 mA, and the slope efficiency drops by
less than ~30% when the substrate temperature is raised from
room temperature to 85 °C. This is superior to the properties
of GaAs—AlGaAs VCSELs with similar size [14]. The resis-
tance of our VCSELSs is ~95 (2, and capacitance is ~0.1 pF.
As a result, the devices are limited by the parasitics to a fre-
quency response of approximately 15 GHz. The lateral mode
characteristics is an important feature since it strongly affects
the transmission properties. Fig. 7 shows the emission spectrum
of a VCSEL at an operating current of 6 mA. This spectrum was
recorded with an optical spectrum analyzer (Advantest 8381 A)
with a spectral resolution of 0.1 nm. Two dominate modes were
observed at 844.2 and 843.7 nm. The root-mean-square (rms)
spectral linewidths at 2, 6, and 8 mA are 0.15, 0.37, and 0.4 nm,
respectively, which can fulfill the requirement (<= 0.45 nm) of
10-Gb/s data transmission [15].

The small-signal response of VCSELSs as a function of bias
current was measured using a calibrated vector network ana-
lyzer (Agilent 8720ES) with on-wafer probing and 50-xm mul-
timode optical fiber connected to a New Focus 25-GHz pho-
todetector. Fig. 8 shows the measured (dashed lines) and fitted
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(solid lines) small-signal frequency response of a 5-ym VCSEL
at different bias current levels. The modulation frequency is in-
creased with increasing bias current until flattening at a bias of
approximately 5 mA. With only 3 mA (5 mA) of bias current,
the maximum 3-dB modulation frequency response is measured
to be ~13 (14.5) GHz at 25 °C and is suitable for 12.5-Gb/s op-
eration. The measured data were fit to a general three-pole mod-
ulation transfer function [16], [17]

) )
fri— 24ty 1+j(ﬁ>

where f is the modulation frequency, f;, is the parasitic roll-off
frequency, f, is the resonant frequency, and +y is the damping
rate.

Fig. 9 shows the 3-dB modulation frequency as a function
the square root of the difference in the current above threshold.
The relaxation resonance frequency is found saturate for
driving currents above 3 mA. By fitting the lowest current
points in Fig. 8, we obtain a modulation current efficiency of
11.6 GHz/(mA)'/? [18]. This is higher than GaAs-AlGaAs
VCSELs with similar size [6], [19] and is comparable with

H(f)=C
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Fig. 10. (a) 25°C and (b) 85 °C eye diagram of SC-VCSEL up to 12.5 Gb/s
with 6-dB extinction ratio. The scale in the figure is 15 ps/div.

oxide-confined VCSELs with InGaAs-based QWs [7], [16].
Plotting the damping rate y versus f2 reveals a K -factor of
0.3 ns. Neglecting heating effects and external parasitics, the
intrinsic bandwidth was found to be 29.6 GHz using the relation
fmax = \/5(27T/K)

To measure the high-speed VCSEL under large-signal
modulation, microwave and lightwave probes were used in
conjunction with a 12.5-Gb/s pattern generator and a 12-GHz
photoreceiver. The eye diagrams were taken for back-to-back
transmission on SC-MQW InGaAsP-InGaP VCSELs. As
shown in Fig. 10(a), the room temperature eye diagram of
our VCSEL biased at 4 mA with data up to 12.5 Gb/s and a
6-dB extinction ratio has a clear open eye pattern indicating
good performance of the VCSELs. The rise time 7). is 28 ps,
and the fall time T is 41 ps with jitter (p — p) = 20 ps. The
VCSELs also show superior performance at high temperature.
Fig. 10(b) demonstrated the high-speed performance of our
VCSELSs (biased at 5 mA) with reasonably open eye diagrams
at 12.5 Gb/s and a 6-dB extinction ratio at 85 °C. This further
confirms the superior performance of our VCSELSs.

Guaranteeing device reliability is always difficult but a
natural task for the components supplier in the data communi-
cation markets. We have accumulated life test data up to 1000 h
at 70 °C/8 mA with exceptional reliability. As shown in Fig. 11,
the light output is plotted versus time scale for SC-MQW
VCSEL chips under the high-temperature operation lifetime
(HTOL) test at 70°C/8 mA. None of them shows abnormal
behavior.
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V. CONCLUSION

The superior performance of InGaAsP-GaAsP MQW was
demonstrated numerically and experimentally. High-perfor-
mance SC-MQW VCSELs were realized with low threshold
current, good temperature performance, and high-frequency
response and good reliability. All of these advantages make
the SC-MQW VCSELs promising for OC-192 commercial
applications
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